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ABSTRACT
Since the launch of Landsat-1 in July, 1972, the orbital remote 
sensing system has made significant contribution to earth science 
research. Landsat's repetitive "earth observations" are of great 
value for monitoring changes in earth surface conditions through time. 
Investigation of suspended sediment concentrations in natural water 
bodies is one of the major areas of Landsat applications.
An attempt has been made to evaluate the utility of Landsat 
Multispectral Scanner (MSS) digital data for monitoring suspended 
sediment concentrations in a natural river channel using Tarbert 
Landing, Mississippi on the lower Mississippi River as the test site. 
Specific purposes of the study were: 1) to investigate vertical dis­
tribution of suspended sediment concentrations at the cross section 
of the river channel; 2) to develop a method of eliminating environ­
mental effects from the MSS digital data obtained during successive 
Landsat overpasses; 3) to evaluate the statistical properties of MSS 
digital data as related to suspended sediment concentrations in the 
surface layers of a natural river; and 4) to evaluate the feasibility 
of estimating suspended sediment concentrations in entire depth of 
the river channel via Landsat MSS digital data.
The hydrological data utilized in this study were collected by 
the U.S. Corps of Engineers, New Orleans District, at Tarbert Landing 
during 1974-75 and included discharge, velocity, suspended sediment 
concentrations, and water sampling depth. Analyses of the data for
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
the vertical distribution of suspended sediments employed both the 
diffusion model and the linear model.
Analyses of the hydrological data indicated that the diffusion 
model does not adequately describe the relationship between suspended 
sediment concentrations in surface and subsurface layers of the river. 
Poor performance of the diffusion model is attributable to the over­
simplifying assumptions applied to the model, notably the two- 
dimensional flow. The full rank linear model was better than the 
diffusion model in accurately estimating sediment concentrations, 
particularly the silt-clay fraction. However, the linear model 
suffered from a large sample variance.
Computer Compatible Tapes (CCT's) from three cloud-free 
Landsat overpasses (July 11, 1974; December 2, 1974; April 16, 1975) 
were obtained and processed at the NASA's Earth Resources Laboratory 
in Slidell, Louisiana. MSS 4-channel radiance data from the CCT's 
were analysed using the Corps of Engineers' suspended sediment data 
as the surface truth and the linear model.
Analyses of the MSS radiance data and the surface truth showed 
that the actual suspended sediment concentrations in the surface 
layers of a natural river can be estimated with better than 80% 
accuracy when using all four MSS channels in the linear model.
Results from the analyses also indicated that most of the information 
on suspended sediments is contained in the MSS channels 4 and 5. The 
negative relationship found between channel 5 and suspended sediments 
was not as anticipated, however, a complete explanation of this 
phenomenon was not available.
xi
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The transformation method developed in this study to eliminate 
the environmental effects should prove to be very useful. The basic 
principles involved in the transformation should be readily applicable 
to any other type of investigations that deal with monitoring surface 
physical phenomena through successive Landsat overpasses.
xii




A basic premise of remote sensing is that the spectral signa­
tures from the target are primarily determined by physical and 
physiological characteristics of the target. An immediate implication 
of this postulate is that the spectral signatures, emitted and re­
flected, from the earth surface may be utilized to detect any target 
of interest under certain conditions. In many cases, however, the 
actual interaction between the electromagnetic spectrum and the 
targets is not yet fully understood. Furthermore, several factors 
influence the spectral signatures being received by the sensor in the 
actual remote sensing mission: atmospheric conditions, sun angle,
sensor system limitations, and so on. As a result, considerable 
efforts have been made for over a decade, through various types of 
modelling and experimentation, to elaborate the theory of remote 
sensing and, subsequently, to make its applications more useful to 
scientific endeavor as well as to the public interest in general.
Since the first orbital photography became available in 1961 by 
the unmanned MA-4 Mercury spacecraft, growing interest heightened in 
the use of orbital photography for natural resource evaluation. This 
interest eventually led the U.S. Geological Survey (USGS) and NASA to
1
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the development and flight of the first Earth Resources Technology 
Satellite, now known as Landsat, on July 23, 1972 (Fischer, et al., 
1975). To date, the Landsat program has drawn much attention from 
scientists in the many disciplines of social and natural sciences, 
particularly in earth science disciplines such as geology, geography, 
hydrology, and oceanography. Many earth science investigators agree 
that Landsat provides them with a research tool of great value.
Perhaps, the most significant function of Landsat as a research 
tool is that it collects information over an area of considerable 
spatial extent (approximately 185 x 185 kilometers per image) at 
multi-temporal stages. It is then clearly indicated that within the 
limitation of Landsat ground resolution -'me physical changes taking 
place in the area through time may be identified and monitored. Ever 
since the launch of Landsat numerous attempts have bee made to iden­
tify or estimate target properties of interest by utilizing Landsat 
data and to monitor particular physical changes (or processes in 
general) through successive Landsat overpasses. In doing so, it is 
mandatory to acquire at each time of the satellite overpass surface 
truth"*" (or so-called training samples) based on a measurement plan.
Yet, a rather critical question may arise: Suppose that, as a
particular example, an attempt is made to monitor the surface concen­
tration of suspended sediments in part of a fluvial channel via 
Landsat (which may be somewhat indicative of the entire sediment flow 
in that segment of the channel). Let us further suppose that a few 
surface truth sample locations are selected in the segment of the
"*"The term surface truth generally refers to information about 
the target at ground level.
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channel. What should be realized is that Landsat is no longer useful 
as a data collection tool. In this instance the field crew collects 
nearly all the information at each time of the Landsat overpass and 
does so more accurately. A basic solution to this problem (so far as 
the Landsat application is concerned) is to find ways to eliminate the 
surface truth collection at every time of the satellite overpass, so 
that Landsat performs as the single source of data. If such an even­
tuality were realized, it can be seen that the scope of the solution 
would extend not only to the instance illustrated, but extends to 
almost all cases of monitoring physical processes by means of succes­
sive satellite overpasses. In other words, once the monitoring 
algorithm is trained by the collection of surface truth data and an 
acceptable accuracy is attained, the entire monitoring system via the 
orbital platform could operate without the surface truth team.
Indeed, the development of such a monitoring system would be con­
sidered a major step in the development of orbital remote sensing, 
particularly from the standpoint of practical and operational remote 
sensing applications.
To achieve this goal requires, however, correction of the 
Landsat radiance data for the environmental effects such as different 
sun angles and atmospheric conditions, at the time of an overpass. In 
fact, many Landsat investigations have utilized the method of so-called 
band ratioing, first introduced by Vincent (1972), to create random 
variables representing the spectral signatures received by the Landsat 
Multispectral Scanner (MSS). In doing so several MSS band (channel) 
ratios were formed and the relationships between the ratios and the 
target properties, say, sediment concentrations, were evaluated. It
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appears that by using the MSS band ratios many investigators (e.g., 
Ashley and Rea, 1975; Anderson, et al., 1977; Weismiller, et al., 
1977) intended to solve the problem of different sun angles in suc­
cessive overpasses of the satellite. Yet, it should be clearly 
understood that variations in the band ratios result from a combined 
effect of different environmental settings and the target properties 
(i.e., changes in sediment concentrations). If the ratios are 
considered to be random variables representing the MSS spectral 
signatures, then there is little logic on which use of the MSS band 
ratios can be justified for the purpose of evaluating the relation­
ship between target properties and the MSS spectral signatures.
Monitoring suspended sediments in natural water bodies from 
remote platforms has perhaps been one of the most active fields of 
investigation of the use of remote sensing in the study of water 
resources. With the launch of Landsat-1, numerous studies on sus­
pended sediments with non-orbital imagery in the 1960s were 
subsequently extended to Landsat. Apparently, the main objectives of 
these investigations to date have been to evaluate the use of Landsat 
data, in either image or digital form, for monitoring suspended 
sediment concentrations in surface water. While image data alone may 
be sufficient for some suspended sediment studies (Klemas, Borchardt, 
and Treasure, 1973), much attention has been paid to digital data 
recorded on Computer Compatible Tapes (CCT's). This is because the 
digital data constitute quantative radiance data from the surface 
targets collected by the Landsat Multispectral Scanner (MSS).
Many Landsat investigators have attempted to define the rela­
tionship between the MSS digital data and suspended sediment
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
concentrations in various types of water bodies (Williamson and 
Grabau, 1973; Klemas, et al., 1974; Johnson, 1975; Johnson, Cressy, 
and Dallam, 1975; Brooks, 1975; Yarger and McCauley, 1975; Trexler and 
Barker, 1975). Most of these studies, however, were limited by insuf­
ficient data (either Landsat or surface truth) and, in some cases, 
inadequate analytical methods. The concensus of these studies was 
that only three MSS bands, 4, 5, and 6, could be utilized for the study 
of suspended sediments with Landsat. Some disagreements were also 
reported; Johnson (1975) claimed that band 5 alone could be success­
fully used and no substantial improvement was found with the use of 
all four bands, while Johnson, Cressy, and Dallam (1975) did not find 
any significant relationship between band 5 and suspended sediments.
Fluvial sediments have been of considerable interest to 
hydrologists, hydraulic engineers, sedimentologists, geomorphologists, 
and many others. Comprehensive outlines of numerous studies on sus­
pended sediments in natural river channels are given by Einstein 
(1964) and Bogardi (1972). To date, a complete theoretical solution 
for the problem of suspended sediment transport does not seem 
feasible, and the distance between the theory and the "real world" is 
well illustrated by several investigations (Nordin, 1963; Nordin and 
Dempster, 1963; Colby, 1564).
It should be clear that any attempt to explain the theoretical 
formulation of the hydraulic laws of suspended sediment flow is beyond 
the scope of this study. Rather, a major interest in this study lies 
in the feasibility of making inference on the concentrations of sus­
pended sediments in a natural river channel from Landsat MSS radiance 
data. Indeed, this question has long remained unanswered and has been
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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generally considered "theoretically impossible," because no known 
remote sensor utilizing electromagnetic spectrum is capable of pene­
trating through the surface layer of natural water bodies heavily 
loaded with sediment. If the vertical distributions of suspended 
sediment concentrations have an identifiable relationship to the 
surface concentrations and a reliable relationship is found between 
suspended sediments in the surface layer of the river and the Landsat 
MSS radiance data, then estimation of suspended sediment concentra­
tions for the entire depth is feasible from Landsat MSS radiance 
data.
Purpose
The purpose of this study is to evaluate the utility of Landsat 
MSS digital data for monitoring suspended sediment concentrations in 
the natural river channel, using the lower Mississippi River at 
Tarbert Landing, Mississippi as the test site (Figure 1). Specific 
purposes of the study are:
1) to investigate characteristics of suspended sediment flow, in 
particular, vertical distribution of suspended sediment 
concentrations at the cross section of the lower Mississippi 
River at Tarbert Landing.
2) to develop a method of eliminating environmental effects from 
the MSS digital data obtained through successive Landsat 
overpasses.
3) to evaluate the statistical properties of MSS digital data as 
related to suspended sediment concentrations in the surface 
layers of a natural river.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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Fig. 1.— Landsat scene showing geographic location of study 
area (white circle).
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4) to evaluate the feasibility and/or reliability of estimating 
suspended sediment concentrations in the entire depth of the 
river channel via Landsat MSS digital data.
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CHAPTER I I
ESTIMATION OF SUSPENDED SEDIMENT CONCENTRATIONS 
IN SUBSURFACE LAYERS
As mentioned previously, estimation of suspended sediment 
concentration in the subsurface layers of river water is one of the 
primary goals of this study. This chapter investigates the feasibil­
ity of obtaining reasonably accurate estimates of suspended sediment 
concentration by employing two contrasting approaches: 1 ) a theo­
retical approach which utilizes a deterministic model, and 2) an 
empirical approach using a statistical model. Later in the study, 
the two approaches will be evaluated in terms of their success in 
estimating the suspended sediment concentration and the problems 
involved in each of the two approaches will be discussed.
Methods
Data Collection
The U.S. Corps of Engineers, New Orleans District, periodically 
collects water samples of the Mississippi River at Tarbert Landing, 
Mississippi, and compiles a record of hydro1 -jgical data.'*' The water 
samples are taken at five different depths in each of eight locations 
across the river channel (Figure 2), by using a point-integrating
lA sample of hydrological data compiled for a given sampling 
date is shown in Appendix 1.
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(source: U.S. Army Corps of Engineers, New Orleans District)
Fig. 2.— A typical cross section of the river channel at Tarbert Landing. 
The cross marks represent the water sampling points.
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suspended sediment cable-and-reel sampler (US P-61 type). Typically, 
therefore, a total of 40 water samples are collected on a given 
sampling date along the entire cross section of the river channel.
The water samples collected are labelled and sent to the water 
quality laboratory at the U.S. Geological Survey (USGS), Water 
Resources Division, in Baton Rouge, Louisiana for the suspended 
sediment analysis.
In the laboratory, the water samples are stored and allowed 
to settle in a dark room for approximately three weeks. After the 
settling period, the clear water is removed from the water sample 
bottle and the remaining solid particles are separated into two 
grain size categories (sand and silt-clay fractions) by using the 
U.S. standard sieve #230 (0.0625 mm in sieve openings).'*' The sand 
retained on the #230 sieve is washed into a pre-tared 100 cc beaker. 
The fine particles that pass through the #230 sieve are divided 
into two portions by a mechanical splitter; one half is washed into 
a 100 cc beaker and the other half into a 2,000 cc beaker. The 
larger beaker is used to collect cumulative fines from the 40 samples. 
Thus, the sediment in each water sample is partitioned into two 
100 cc beakers, one for the sands and the other for one half of 
the fine particles, and also contributes to the sum of the fines 
collected in the 2,000 cc beaker.
^Sand fraction refers to the sediment particles coarser than 
0.0625 mm and silt-clay fraction to those finer than 0.0625 mm.
These grain size categories are currently utilized by the U.S. Corps 
of Engineers, New Orleans District, in compiling hydrological data.
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The 2,000 cc beaker collects one half of the fine particles
from each water sample. The fines accumulated from the entire 40
samples are utilized for the analysis of grain size distribution of 
the silt-clay fraction.
The two 100 cc beakers from each water sample are placed in an
175° C oven for about 18 hours. After the beakers have been
completely dried, each beaker is weighed to 0.0001 grams to obtain 
the gross weight of the solid particles and the beaker. The net 
weight of the solid particles is then obtained by subtracting the 
tare weight from the gross weight for each grain size category. In 
addition, the (dried) sands are sieved to obtain the grain size 
distribution using the U.S. standard sieves #18 (1 mm), #35 (0.5 mm), 
#60 (0.25 mm), 7#120 (0.125 mm), and #230 (0.0625 mm). The cumulative 
weight on each sieve is measured to 0.0001 grams."*"
Finally, the suspended sediment concentration in parts per 
million (p.p.m.) is computed as follows:
-n _ , _ - - SAUDW + 2 x HFINE ,Total concentration = -----:---:----- ■=-----;—  x 1,000,000total volume of sample
US 230Sand concentration =  r -----   —  x 1,000,000total volume of sample
Silt-clay concentration =
Total concentration - Sand concentration 
where SANDW denotes net weight of the sand retained on the #230 wet 
sieve, HFINE net weight of one half of the fine particles, and US230 
cumulative weight of the (dried) sands retained on the #230 dry sieve.
"*"A sample of laboratory data is shown in Appendix 2.
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Further details on the laboratory procedures and the computational 
methods for the suspended sediment analysis are given by the USGS 
Water Resources Division (1973) and Chirieleison (1974).
The hydrological data utilized in this study are for the period 
of 1974-75 and include measurements of the hydrologic variables such 
as discharge, velocity, suspended sediment concentrations, and water 
sampling depth (Appendix 1).
Theoretical Approach: Diffusion Model
The diffusion model is not the only deterministic model that 
currently exists in the field; however, in view of the model's 
accuracy and mathematical complexities involved it seems to be most 
widely accepted and utilized in the engineering and geological 
sciences (e.g., Blatt, Middleton, and Murray, 1972). A detailed 
treatment of the diffusion model as well as a review of other 
theoretical models is given by Graf (1971). Similar accounts are 
also found in Einstein (1950), Scheidegger (1970), Bogardi (1972), 
and Yalin (1977).
According to Graf (1971) and others, suspension of solid 
particles in a (convective) turbulent flow field can be generally 
described with the diffusion equation
3C
3t (1)
where C is the suspended sediment concentration, u. the field 
velocity, x_̂  the axes of a Euclidean space, and the diffusion
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coefficient that combines the coefficients of molecular and turbulent 
diffusion. In a three-dimensional flow field, therefore, (1) becomes
3C 3C_ _ 3C_ _ 3C_
3t ui 3x, U 2 3x„ u3 3x.
3 ( 3c \ 
3x. (£i 3x, )
+  3x 2 ( £2 3 x J +  3 x 3 ( £ 3 3x 3 ) (2)
Under the assxmptions, however, that 1) 3C/3t = 0; 2) 3C/3x, =
3C/3x3 =0; 3) mechanisms of mass and momentum transfers are 
identical; and 4) diffusivity of sediment particles in a turbulent 
flow is the same as that of fluid particles (e = £2), the general 
diffusion equation (2) reduces to
where £s is the diffusivity of sediment particles in x2 direction. 
Note that with an additional assumption of
3u
= 0 (4)3x 2
(3) can be rewritten as
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where u , the settling velocity of the sediment particle, replaces s
the negative u2 values.
The diffusion equation (5) is, as it is meant to be, 
"unrealistic"; that is, it only represents the (vertical) distri­
bution of suspended sediments under uniform turbulence condition.
In an effort to make it more realistic (under non-uniform turbulence 










where u (field velocity in x direction) and y (flow depth) replace 
u: and x2, respectively, and the shear stress at the depth y, 
tq the shear stress at the bottom, D the total flow depth, û . the 
shear velocity, k the Karman's constant, p the fluid density, and £ 
the diffusivity of the fluid. From (6), (7), and (8), and invoking 
the assumption £g = £,
£ = k Uj, (D - y) ^  (9)s " D
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Substituting (9) for eg in (5) and subsequent integration of dC/C 
yields'*'
C_ = [ y - y a \ z (10)
Ca w  D -
where C is the "reference concentration at a distance a ffrom the a
bottom]" (Graf, 1971, p. 173), and z = Ug/kuA. Note that the sediment
2concentration C of a given grain size at any distance y from the
bottom can be determined if C and z are known.a
In order to evaluate the accuracy of (10), the equation can be 
rewritten as
log 5- . z log
or could be generalized as
Y = z X (11)
which is a form of linear regression equation without an intercept 
term. Since fitting of the data is required to determine the accuracy 
of (10), a modification of (11) is made such that
■*■ According to Graf (1971), the solution (10) was first introduced 
by Rouse (1937).
2“Because of the relationship z = U3/ku*, (10) is clearly influ­
enced by the settling velocity TJg, which is in turn determined by the 
grain size of solid particles.
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Y = 8 X -f I
where it is assumed- that £ ^ (0 , cr2 ) and 8 replaces z in (11). 
Also, a further modification of (11) is attempted such that
Y = 3 + 8 X + C  (13)o 1
where 8 is an intercept term." Results from (12) and (13), in termso
of their prediction (or estimation) accuracies, will be compared in a 
later section.
As described previously, the (vertical) sediment distribution 
equation (10), or (11), is derived for a particular grain size based 
on a two-dimensional flow. Therefore, analyses of the 1975 hydro- 
logical data using (12) are conducted according to the grain size 
categories (i.e., sand and silt-clay fractions separately) and the 
verticals (individual locations across the channel). In the data 
analyses using (12), the depth nearest to the water surface (Figure
32) is taken as the reference depth Ma" given in (10). In addition, 
the sediment data from the entire eight verticals are analysed with­
out considering individual verticals. Also, a new variable flow
The error term c, is further assumed to have an approximate 
normal distribution.
Note that the term S0 in (13) does not appear in (10). 
Strictly speaking, therefore, (13) is not an equation of sediment 
distribution directly derived from the diffusion model.
3As may be indicated in Figure 2, the reference depth in the 
1975 data varies from 1 to 3 meters below the water surface. There­
fore, the total depth (D) in (10) is not equal to the reference 
depth (a).
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"stage" is introduced so that the year is divided into two stage 
periods,''' high stage (January through July 15) and low stage (July 15 
through December), so that the data can be analysed according to the 
stages. For the purpose of comparison, (13) is also utilized in the 
analysis.
Empirical Approach: Linear Model
In the (univariate, full rank) linear model, the basic
2assumption is made that there is a linear relationship” of the form
Y = 8Q +  3^  +  B2X2 +  . . .  +  3^  +  e ( 14)
between the dependent variable Y and the independent variables , 





f 1 XU  X 12 *
! 1 X 21 X 22
X






, and £ =
; & LPkJ n
Division of the two stage periods is merely arbitrary. In 
Figure 3, the high stage corresponds to the period of average water 
discharge greater than 500,000 c.f.s.
"Choice of a statistical model, i.e., either linear or non­
linear model may be subject to argument. Selection of the linear 
model over non-linear model is explained in the following discussion 
section. More detailed treatment of the theory of full rank linear 
model can be found in any advanced statistics textbook. See, for 
example, Searle (1971).




T O T A L














J  a n  Fe b Ma r  Apr  M a y  J u n  j u l  A u g  S a p  Oc t  No v  Oe e
a. i.oooF
y~\T~ v \ //—«. ' V /
AA; f
r
~\= ’j v X —  ---------------w V
S I  L T - C L A  Y_ £- HA CXL QN ^
• yV \
S A N D  F R A C T I O N
J a n  Fe b Ma r  Apr  M a y  J u n  j u t  Aug  S e p  Oc t  N o v  De c
(source: U.S. Army Corps of Engineers, New Orleans District)
Fig. 3.— Discharge and suspended sediment of the 
Mississippi River at Tarbert Landing, Mississippi, in 1975.
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the observations are represented as
1 ! 1 X H  X 12
X 21 X 22
XH.
X 2k






■ y ! i nJ
1 X Xni n2 x , ! ; 8,nk : ; k✓ I—
eu n .
or
Y X B + E (16)
(nxl) {nx(k+l)} {(k+l)xl} (nxl)
where
E(y) = X B and var(y) = o 2 \ (17)
For the purpose of making statistical tests possible, it is further 
assumed that
E ~ N ( 0 ,  0 2 l ) thus Y ~ H ( X B> a2I ) (18)
The elements of g are then estimated by1
B = ( X'X )_1 X#Y C19)
1 ~The unique solution for g in (19) corresponds to the least
square estimator, with the constraint in (.17) , to the maximum
likelihood estimator, with (18), and to the best linear unbiased
estimator (b.l.u.e.) (Searle, 1971).
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where
3 ~ N ( B> ( X'X )_1 QZ ) (20)
It is immediately implied from (20) that
var(£) = ( X'X ) 1 S2 (21)
where
= i d t l  Y' { I ~ X ( X'X )_1 x '  } Y (22)
The so-called fitted values (or predicted values) of are
obtained bv
Y = X B (23)
where
E(Y) = X 3 v a r (y )  = X ( X'X ) _ i  X' <*2 (24)
Accordingly,
v a r ( y )  = X ( X ; X ) 1 X ' (.25)
The null hypothesis of primary interest is such that
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0 0 1 0 . . .  0 si ; 0
0 0 0 1 . . . o : ; B, 1 i 0V




; 0 ; 
k x l
K' B M (27)
Using the matrix notation in (27), the consequences of the Cochran- 
Fischer theorem and the definition of the non-central F-distribution, 
the test statistic
' { k, n-k-l, Ah = - £ z  ( k'B ' M )'
C K' ( X'X )_1 K ] 1 ( K'B - M )> (28)
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is formed, where
Qh = ( K ' B - M ) '  C K' ( x 'x  ) ' ]  K I " 1 ( k' b  -  M ) (29)
and
Qr = Y7 { I -  X ( x ' x  ) _1 X7 > Y (30)
Rejection of HQ in (26) occurs when > F(k, n-k-1).
A measure of the accuracy of prediction is also obtained by
2R  a --------- H-------  =   (31)
Y7 ( I -  -  ll7 ) Y QH QE
In the foregoing description of linear model theory, only 
general definitions were made of the dependent and independent varia­
bles; no specific variable names were given. Since suspended sediment 
concentrations are the quantities to be estimated, it is clear that 
the sediment concentrations should be taken as dependent variables.
In so doing, they are grouped into three categories: sand fraction,
silt-clay fraction, and the combined total concentrations. For each 
category, then, four variables are defined and each of them is evalu­
ated using (14).^ Definitions of the four dependent variables for 
each category and the seven independent variables are given in Table 1.
"Selection of the four dependent variables (for each category) 
and the seven independent variables is mainly based on the literature 
research.
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TABLE 1
DEPENDENT AND INDEPENDENT VARIABLES FOR EMPIRICAL 
MODELLING OF SEDIMENT CONCENTRATIONS
Type Category Variable Definition
SAND Concentration of sand
fraction (p.p.m.)
Sand LOGSAND Logarithm of SAND
Fraction CSAND SAND divided by the refer­
ence concentration (RSAND)
LCSAND Logarithm of CSAND










SILT divided by the refer­
ence concentration (RSILT)
Logarithm of CSILT










LOGDISCH Logarithm of DISCH







Relative depth (y/’D in 
Equation 6)
Logarithm of RD
Reference concentration of 
sand fraction
Logarithm of RSAND
1Also RSILT and RTOTAL.
2Also LOGRSILT and LOGRTOTL.
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Based on the initial evaluations, a dependent variable for each cate­
gory is selected. The best set of independent variables (out of the
2seven variables) is determined based on the "max. R " criterion (Barr, 
et al., 1976) for the final estimation equations.
The crucial assumption of "linear" relationship expressed in 
(14) is examined by plotting the residuals (experimental errors), as 
illustrated by Draper and Smith (1966).
Results and Discussion
Diffusion Model
The entire 1975 data (a total of 1,984 observations) were 
analysed using (12) and (13), and the results are summarized in Table 
2. It appears, at least from a probabilistic standpoint, that 3q in
TABLE 2
ANALYSES OF 1975 HYDROLOGICAL DATA





P(F>FC) R2 sy y c.v.(%)
y = + c .2908** .0001 .4141 .38 .28 135.8
y = 6 + S x + g0 1 -.0315 .3162** .0001 .1425 .38 .28 135.8
Silt-clay Fraction
y = 3 x + i
i
.0330** .0001 .0852 .12 .03 362.9
VJ =  8  +  8  x + ? 0 1 .0015 .0318** .0001 .0169 .12 .03 363.0
~As noted in (11) and (12), y = log (C/C ) and x = log (D-y/y) 
(a/D-a). 3
**Significance level a<.01.
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(13) is not "significantly" (a < .05) different from zero for both
2grain size categories. Also notice that S. decreases considerably
with (13), compared to (12), for both categories. These results
indicate that (12), rather than (13), would be the better form of the
equation for the vertical distribution of suspended sediments for each
grain size category. Note, however, that accuracy of the equation
2(12) is only about 41% (R = .4141) for the sand fraction and a 
2meager 8% or so (R = .0852) for the silt-clay fraction. Similar 
patterns are also shown in the analyses of the data by water stage
period (Table 3). Here validity of the equation (12), again in com­
parison to (13), seems to be reaffirmed. Also notice that in the 
high water stage period accuracy of the (both) equations improves 
slightly for both grain size categories, yet the accuracy decreases
all together in the low water stage period.
Analyses of the data by individual verticals (Table 4) reveal
in general the same characteristics as noted above: the equation (1 2)
2seems more appropriate and superior in accuracy (as indicated by R ) 
than (13). However, accuracy of (12) is still disappointingly low for 
all verticals, and it varies from about 9% to slightly over 60% for 
sand fraction and from almost nil to about 23% for silt-clay fraction. 
In the meantime, an interesting pattern revealed in Table 4 may 
deserve attention: while no immediate explanation seems available,
/s.
3  ̂for sand fraction decreases almost consistently in one direction 
across the channel.^ From a theoretical viewpoint this particular 
trend is rather puzzling, since there is no reason to believe that the
Hlagnitudes of 1s for silt-clay fraction appear to be random 
across the channel.


















ANALYSES OF 1975 HYDROLOGICAL DATA BY STAGE PERIOD
Water Stage Equation
A /\
3o 3i P(F>F ) c R2 sy y c.v.(%)
Sand Fraction
y = BiX + ? . 3646** .0001 .5510 .36 .37 99.7
High y
= 3o + 3iX + £ .0219 .37,70** .0001 .1810 .37 .37 99.7
Silt-clay Fraction
y = 3ix + f; .0427** .0001 .1261 .12 .04 283.7
y = 3o + 3ix + C .0079 .0363** .0001 .0203 .12 .04 283.7
Sand Fraction
y = Bix + £ .1779** .0001 .2147 .38 .15 244.2
Low y = 3o + 3ix + S -.1110** .2676** .0001 .1110 .37 .15 242.3
Silt-clay Fraction
y =: 3ix + £ .0182** .0001 .0326 .11 .02 668.0
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shear velocity u..k varies (or increases in this particular case) almost 
consistently from vertical 1 to vertical 8 across the channel. How-
A
ever, this peculiar variation of 3  ̂ (ior sand fraction) across the
channel seems to occur in the high water stage period only (Table 5).
Note that for each vertical, the accuracy of (12) seems to be consid-
2erably influenced by water stages. Note in Table 5 that R (for the 
equation (12)) for sand fraction varies from about 33% to over 74% in 
the high water stage and from only .07% to about 72% in the low water 
stage. It appears that for the sand fraction equation (12) is much 
more accurate in the high water stage than in the low water stage. 
However, it is interesting to note that this tendency is not apparent 
for the finer fraction.
So far, major findings from the analyses of 1975 hydrological 
data have been mentioned and these results are now to be evaluated 
critically in the light of the diffusion model. Among the findings, 
of course, (prediction) accuracy of the equation (12) is of greatest 
interest. As mentioned previously, (12) seems to be more appropriate 
than (13) in accounting for the variation of suspended sediment con­
centrations through depth, yet the accuracy (of prediction) is 
remarkably low. The poor performance of the model in estimating sus­
pended sediment concentrations can be explained as follows. One of 
the crucial assumptions made in order to derive equation (10) is that 
of a two-dimensional flow for which the relationships such as (6), (7) 
and (8) are postulated. Under this assumption, of course, any 
variation across the channel (or in X^ direction) is not considered 
and therefore the relationships in (6), (7), and (8) are ''assumed" to 
be true across the channel. Of particular interest is the vertical
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velocity distribution du/dy in (7), since du/dy largely determines the 
state of turbulence which in turn affects the transport of suspended 
sediments in a turbulent flow (Tennekes and Lumley, 1972). It is also 
known that du/dy takes a functional form shown in Figure 4. Indeed, 
one of the field samples from the Mississippi River channel plotted in 
Figure 5"̂ reveals that the (vertical) velocity distributions for indi­
vidual verticals agree reasonably well with the functional form 
depicted in Figure 4, even though some verticals (notably, verticals 1 
and 8) show greater discrepancies than others. Note that there are 
only five observations for each vertical. Since only three "degrees 
of freedom for error" are available, no attempt was made to fit the 
data statistically for each vertical. Instead, the straight lines 
were drawn manually to enhance the visual interpretation of the 
(velocity) data distribution. Note further that the eight verticals 
do not share a single velocity distribution. In other words, the 
individual verticals maintain their own velocity distributions al­
though they are similar to each other in functional form. In order to 
illustrate this the actual velocity distribution in the entire channel 
cross section on December 2, 1974 was estimated using 40 field 
measurements (point samples) across the channel and is shown in Figure 
6. The estimation or "interpolation" was made using the SYMAP
^The velocity data plotted in Figure 5 were obtained on 
December 2, 1974, along with the suspended sediment samples. It may 
be noted that on this date a Landsat overpass took place over the 
river channel. Also, the sampling date (December 2, 1974) may be 
considered to be in the period of low water stage.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
33
0
(modified from Yalin, 1977)
Fig. 4.— 'Vertical distributions of 
velocity and suspended sediments. The 
distributions of suspended sediment 
concentration (C) and the velocities of 
clear water (u) and sediment-loaded water 
(uc) are schematically shown as a function 
of relative depth (y/D).














V e l o c i t y  of W a t e r - S e d i m e n t  M i x t u  r e ( f e e t / s e c . )
(source; U.S. Army Corps of Engineers, New Orleans District)
Fig. 5.— Velocity distribution of the Mississippi River at 
Tarbert landing on December 2, 1974. The numbers indicate individual 
verticals. The first vertical is nearest the left bank and the eighth 
nearest the right bank (looking upstream).



















I- ♦ ► * ♦
7  I B f f C V V V  W B  p c o a a a Q d 4 S Q a u c . a q Q 3 3 q a 3 a a  t y y t t t x ^ Y Y Y y v y y  
a  B ^ B I V B B ^ B  A Q A ' i o a a a . i Q p ^ a ' i Q Q ^ a a a a ' i a a  y y y t y y x y x y x y t y t  
t  1 B V V B B B B B V  a a o a a o a a o Q Q a i a a q ^ a ;  r r 7 T T T r Y 7 Y T T ^ H
T 3 V rj « I B B B c a a  y t  a a Q o u a  * y y x i Y Y T y t y t y y y y
T f K V f f l V W  a  Y T ^ Y X ^ Y ^ Y Y y  Y p Y Y t  7 Y Y T X T X Y Y X T X Y *
Y 9 3 1 1 1  3 0  Y Y Y X T Y Y Y V Y T Y Y Y Y Y 7 Y T 7 y r Y r r ? r i Y T Y Y y t Y Y Y Y
y  ^ Q f i e y p c i  y y y y t y y w v y y y x y x y x t x  ' • ^ x y y y x y y t t t y t ^ x y x
7  q q p q p q p a q q  y y r 7 7 7 7 7 ? r x t x y y y y r r r y y y v x y y y r T Y r r r Y y y y  y  
X p p p q o o q o p Q  y  Y v r v r r n T v y  y
y y  p u a a  u x ^ 7  2 +  +  + +  +
► 7 Y v  T Y o  v  ♦ . ♦ . ♦ * <. *  +  + +  + f * *  +  f +  4. + +  + 4. +  + . + + « - +  +  + * . ^ . f +  +  * *► f X ♦ * ♦ * 1 ++»+++*
f ff 0 +++'*♦♦ .......................... 1 . ... . .  «■♦♦♦■+• +. *- + + + + + + + + + + . . . 1. . . . 1 . , .. 1  ..
500 1000
Vertical Exaggeration X25 Scale in Feet
S Y « *  P
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Fig. 6.— Velocity distribution in the channel cross section on 
December 2, 1974. The velocity varies from 2.63 f.p.s. to 4.81 f.p.s. 
The total velocity range (2.18 f.p.s.) is equally divided into five 
levels (2.63~3.07; 3.07~3.50; 3.50~3.94; 3.94-4.37; 4.37~4.81), so 
that the first level indicates the lowest velocity and the fifth 
level the highest.
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computer mapping program. For a detailed account of the interpola­
tion theory see Shepard (1970). It is clearly seen that no single 
equation can describe the velocity distribution (du/dy) for the entire 
channel cross section. Mathematically, a statistical analysis indi­
cates that a single equation for du/dy such as
log ( £  ) = B: + & u (32)D o i
where 3 and 3 are coefficients and u is the velocity of water- o i
sediment mixture (sediment-laden water), can account for only about 
45% of the total variation (Table 6) involved in the field observa­
tions shown in Figure 5. This result, of course, reinforces the 
fallacy of using a single equation of du/dy for the entire channel 
cross section in which velocity distributions vary from one vertical 
to another.
According to the solution in (10), v/D and C/C have thea
relationship shown in Figure 4 (the curve denoted by C = <Pc (y/D)) and 
it has been verified in the laboratory experiments (e.g., Vanoni, 
1941). Mathematically, the relationship may be written as
"̂ A standard procedure in SYMAP program is to equally divide 
total data value range (e.g., from 2.63 f.p.s. to 4.81 f.p.s. in 
Figure 6) into 5 "levels" so that each level represents 20% of the 
total range. On a SYMAP output, individual levels are represented by 
different symbols: the first level by the second by "+", the
third by "X", the fourth by "8", and the fifth by "1". The numbers 
shown on the SYMAP output indicate the sampling locations and their 
data levels.
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TABLE 6
SUMMARY OF REGRESSION ANALYSES FOR STREAM 
VELOCITY USING EQUATION (32)
Date Bo Bi P(F>Fc) R2
Dec. 2, 1974 -1. 9414** .4170** .0001 .4539
Apr. 16, 1975 6858** .0443 .1129 .0744
**Significance level a<.0 1.
TABLE 7
SUMMARY OF REGRESSION ANALYSES FOR SUSPENDED 
SEDIMENTS USING EQUATION 03)
Date
A A













Dec. 2, 1974 -.3158* -1.4923** .0013 .2404
Apr. 16, 1975 -.3641** -.7700 .1487 .0622
tAs noted in (33), So = log K. 
*Significance level a<.05. 
**Significance level a<.01.
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io§ ( ^ ) = log K - 31 log ( ) (33)
a
where K is a constant, and the results of data "fitting" are 
summarized in Table 7. As expected, the relationship between y/D and 
C/C depicted in Figure 4 does not seem to be as strong as suggested3
by Vanoni (1941) and others, at least for this particular river 
channel on December 2, 1974 (Note in Table 7 that accuracy of (33) is 
about 35% for sand fraction and only 24% for the finer fraction).
This result again illustrates the problem of assuming, among others, 
a consistent velocity distribution across the channel.
The difference between (10) and the "real world" is visually 
demonstrated in Figures 7 through 12 which depict the distribution of 
sediment. The actual distribution of suspended sediments in sand 
fraction, in the cross section looking upstream (Figure 7), reveals 
to some extent a pattern of lower concentration toward the surface 
and higher concentration near the bottom of the channel. Notable 
exceptions, however, can be seen toward the bank walls, especially 
near the right side of Figure 7 where sand-size particles show a more 
or less homogeneous vertical distribution. Furthermore, the asym­
metric (if not random) distribution of sediment concentrations 
clearly indicates that the vertical distribution of shear stress, 
apart from the stream velocity, cannot be as simple as suggested by 
(6) in an ordinary river channel. For the purpose of comparison, 
predicted values of the sediment concentrations for the same field 
sampling locations were obtained using (12) and are shown in Figure 8 . 
It is interesting to note that the "predicted" sediment distribution
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V Y T T Y Y Y  3 3  III 3*33 Y ♦ ♦ * + ** + + f ♦ ...
yy ^ 3 9  f a p o o q  Y 7 Y Y Y Y
* + * + + + +  /y a a a  uaaaoqtja y y v  *.4.4. vy a
+ + + ++4-2+1 YY p a e o a a a o a a a d  yv'jy t f i r  a r>|f y f * *■ 
+ vy a y y y  * yy a g l  r
Vertical Exaggeration X25 500 1 0 0 0
Scale in Feet
.̂2u srcoMO'S
7̂17=: tt**? n.in srcr*'̂?
* 7 ̂CfT^TJS "n('irc"?'r!’''r!r"J —  SB'*'' ",,\r'"T0M
m ISSTS'7 rOOT PTV-10 JT L-'"r'T'Jrif **15?. Z fMHpr,n»Fp •} 1 0 7 '1
q v  * !. S .  C“ > s o s  ^ p  \*5 W ^  ?  T. ”  <* r\ r «? **• p  *■ *"*
Fig. 7.’— Measured suspended sediment concentration of sand 
fraction on December 2, 1974. The sediment concentration varies 
from 10.57 p.p.m. to 218.22 p.p.m. The five concentration levels 
are: 10.57-52.10; 52.10~93.63; 93.63-135.16; 135.16-176.69;
176.69-218.22.
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Fig. 8 .— Estimated suspended sediment concentration of sand 
fraction on December 2, 1974. The estimated concentration varies 
from 22.91 p.p.m. to 104.32 p.p.m. The sediment concentration levels 
are same as given in Figure 7.
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Fig, 2.^-Difference between measured and estimated sediment 
concentrations of sand fraction on December 2, 1974. The five levels 
are: -171.94~-130.98; -130.98~-87.32; -87.32~-43.66; -43.66-0.00;
0.00-46.36. Since the difference is obtained by subtracting the 
measured concentration from the estimated concentration, the first 
four levels indicate underestimations and the fifth level over­
estimation.
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Fig. 10.— Measured suspended sediment concentration of silt-clay 
fraction on December 2, 1974. The sediment concentration varies from 
153.56 p.p.m. to 609.66 p.p.m. The five concentration levels are: 
153.56-244.78; 244.78-336.00; 336.00-427.22; 427.22-518.44; 
518.44-609.66.
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Jig. 11.— Estimated suspended sediment concentration of silt- 
clay fraction on December 2, 1974. The estimated concentration varies 
from 164.87 p.p.m. to 433.59 p.p.m. The sediment concentration levels 
are same as given in Figure 10.
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Fig. 12.— Difference between measured and estimated sediment 
concentrations of silt-clay fraction on December 2, 1974. The five 
levels are: -241.28~-157.00; -157.00— 78.50; -78.50-0.00; 0.00-78.50;
78.50-151.21. The first three levels indicate underestimations, and 
the fourth and the fifth levels overestimations.
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in Figure 8 does not show higher sediment concentrations (higher than 
135.16 p.p.m.) or the fourth and the fifth "levels" that actually 
occur in the channel (Figure 7)."*" Also note that the overall distri­
bution pattern of the predicted sediment concentrations is markedly 
different from the actual distribution pattern shown in Figure 7. The 
differences between the actual and the predicted concentrations were 
obtained, for the individual sampling points, by subtracting the 
former from the latter and are shown in Figure 9. Most noticeable is 
the pattern of underestimating higher concentrations, notably the data 
(or concentration) levels 3, 4, and 5, and overestimating lower con­
centrations, the level 1 in particular (Figure 7). In addition, there 
appears to be some inverse relationship between higher concentrations 
and the degree of underestimation; that is, the higher the concentra­
tion, the more it is underestimated. The silt-clay fraction, on the 
other hand, shows a somewhat different distribution pattern in the 
channel as compared to the sand fraction. In Figure 10, actual dis­
tribution of the finer fraction appears to be rather uniform; the 
tendency of higher concentration toward the bottom is not as markedly 
shown as in the case of the sand fraction (Figure 7), although pockets
of higher concentrations do occur near the bottom of the channel. The
2predicted sediment concentrations in Figure 11 reveal a more diversi­
fied pattern than the actual one (Figure 10), and also show no
"̂The same sediment concentration "levels" are applied to both 
Figures 7 and 8 .
2As for the sand fraction, same sediment concentration levels 
are applied to both Figures 10 and 11; 5 levels for the total range 
(from 153.56 p.p.m. to 609.66 p.p.m.) with a range of 91.22 p.p.m. 
for each level.
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sediment concentrations higher than 518.44 p.p.m. (level 5). The 
differences between the actual and the predicted concentrations were 
obtained in the same way as for the sand fraction and are given in 
Figure 12. Here, a general pattern similar to that of sand fraction 
(Figure 9) also seems to emerge; overestimation for the lower concen­
tration areas (levels 1 and 2) and underestimation for the higher 
concentration zones (levels 3, 4, and 5). The inverse relationship 
(between higher concentrations and the degree of underestimation) 
mentioned for the sand fraction can also be seen for the levels 3, 4, 
and 5.
Up to this point, a major discussion has been focussed on the 
assumption of two-dimensional flow and subsequently the problem of 
applying a single velocity distribution function du/dy (as well as 
the shear stress distribution) to the entire channel cross section 
under study. Also, differences between the real world and the theory 
(given by (10)) have been visually demonstrated using SYMAP products. 
Now, attention is turned to yet another critical aspect involved in 
the diffusion model. Consider the velocity distribution given in 
Figure 13. The data used in Figure 13 were collected on April 16, 
1 9 7 5 , which is within the period of high water stage (Figure 3).
Note in Figure 13 that the velocity distribution in the channel cross 
section is considerably different from the one shown in Figure 6.
What is Immediately implied, then, is that one of the assumptions re­
quired to derive (5) from (2), i.e., gC/gt = 0, is no longer valid.
^A Landsat overpass also took place on this date over the river 
channel.
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Fig, 13.— Velocity distribution in the channel cross section 
on April 16, 1975. The velocity varies from 2.18 f.p.s. to 9.07 
f.p.s. The five velocity levels are: 2.18-3.56; 3.56-4.94;
4.94-6.31; 6.31-7.69; 7.69-9.07.
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This, in turn, indicates that the solution in (10) may not be applied 
to the sediment data collected over a period of time for which 
3C/3t 5̂ 0, i.e., when sediment concentrations vary from time to time.
A detailed examination of this (April 16, 1975) data, as was done for 
the December data previously, is given in the following.
The velocity data''" plotted in Figure 14 show that the vertical 
velocity distributions, in general, agree with the functional form 
depicted in Figure 4. It should be noted, however, that the velocity 
distribution of the (first) vertical nearest to the left side of 
Figure 14 deviates greatly from the general pattern. A similar dis­
agreement is, to some extent, also seen in the (seventh) vertical 
nearest to the right bank (looking upstream). In any event, it is 
again indicated from both Figures 13 and 14 that no single equation 
for du/dy can adequately describe the velocity distribution of the 
entire cross section. In fact, a statistical analysis reveals that a 
single equation of the form (32) can only account for some 7% of the 
total variation (Table 6) involved in the velocity data shown in 
Figure 14. Also, the relationship expressed in (32) is much less 
reliable (P(F>Fc) = .1129) in this case than the one previously con­
sidered (As seen in Table 6 , P(F>Fc) = .0001 for the December data). 
Considering actual velocity distributions, however, these outcomes are 
not surprising at all since the vertical velocity distributions in 
general vary greatly across the channel (for instance, note in Figure 
14 that the location nearest to the bottom in vertical 6 has greater
^Unfortunately, velocity data for the eighth vertical are 
missing. In Figure 14, no attempt was made to draw straight lines 
since the pattern of data points scatter can be readily recognized.
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Fig. 14.— Velocity distribution of the Mississippi River at Tarbert Landing on 
April 16, 1975. The numbers (and associated symbols) represent individual verticals.
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velocity than the point nearest to the surface in vertical 7).
The theoretical relationship between (relative) depth and 
sediment concentration, given in (33), was also examined and the 
result is included in Table 7. Note that the sand fraction from the 
April 16, 1975 data shows an accuracy of some 63%, a substantial im­
provement over 35% for the December data, yet the finer fraction does 
not reveal any (statistically) significant relationship (at a < .05). 
These discrepancies are also visually illustrated in Figures 15 
through 20 for both fractions from the April 16, 1975 data, as was 
done for the December data. In Figure 15, the actual distribution of 
suspended sediments in sand fraction again reveals a general tendency 
of lower concentration toward the surface and higher concentration 
near the bottom of the channel. A notable exception, however, is also 
seen near the left side of Figure 15 where a lower level of concen­
tration (3.31 p.p.m. to 56.51 p.p.m.) prevails throughout the depth. 
The predicted sediment concentrations (Figure 16), in the meantime, 
seem more closely in agreement with the actual concentrations, com­
pared to the December data, particularly in the higher concentration 
areas. Furthermore, note in Figure 17 that there is no apparent trend 
toward underestimating higher concentrations and overestimating lower 
concentrations,which was seen in the December data. Some major dis­
crepancies, however, can still be noticed; for instance, an area of 
intermediate concentrations (109.71 p.p.m. to 162.91 p.p.m.) near the 
bottom is so exceedingly overestimated that the area denoted by the 
letter symbols "H'"s (in Figure 16) represents sediment concentrations 
greater than the maximum concentration (269.31 p.p.m.) observed in the 
field. The silt-clay fraction, on the other hand, reveals a
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Fig. 15.— Measured suspended sediment concentration of sand 
fraction on April 16, 1975. The sediment concentration varies from 
3.31 p.p.m. to 269.31 p.p.m. The five concentration levels are: 
3.31-56.51; 56.51-109.71; 109.71-162.91; 162.91-216.11; 
216.11-269.31.
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Fig, 16.— Estimated suspended sediment concentration of sand 
fraction on April 16, 1975. The estimated concentration varies from 
5.22 p.p.m. to 429.90 p.p.m. The sediment concentration levels are 
same as given in Figure 15.
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Fig. 17.— Difference between measured and estimated sediment 
concentrations of sand fraction on April 16, 1975. The five levels 
are: -82.29-0.00; 0.00-82.29; 82.29-164.58; 164.58-246.87;
246.87-279.16. The first level indicates underestimation and the 
next four levels overestimations.
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Fig. 18.— Measured suspended sediment concentration of silt- 
clay fraction on April 16, 1975. The sediment concentration 
varies from 45.88 p.n.m. to 192.90 p.p.m. The five concentration 
levels are: 45.88-75.28; 75.28-104.69; 104.69-134,09;
134.09~163.50; 163.50-192.90.
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Fig. 19.— Estimated suspended sediment concentration of 
silt-clay fraction on April 16, 1975. The estimated concentra­
tion varies from 81.69 p.p.m. to 194.89 p.p.m. The sediment 
concentration levels are same as in Figure 18.
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Fig. 20.— Difference between measured and estimated sediment 
concentrations of silt-clay fraction on April 16, 1975. The five 
levels are: -103.61— 60.00; -60.00— 30.00; -30.00-0.00;
0.00-30.00; 30.00-46.13. The first three levels indicate under- 
estimations, and the fourth and the fifth levels overestimations.
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considerably different distribution pattern from the sand fraction.
In Figure 18, the actual distribution of the finer fraction seems to
show no general pattern of higher concentration toward the channel
bottom. In addition, the predicted concentration pattern in Figure 19
2is grossly misleading, as expected from the low R value in Table 7.
As to the difference between the actual and the predicted concentra­
tions, there are some indications of underestimating higher 
concentrations and vice versa (Figure 20) although the pattern is not 
as prominent as for the finer fraction in the December data.
To summarize, results of the analyses of 1975 hydrological data 
and a part of 1974 data indicate that the diffusion model cannot be 
used successfully in estimating suspended sediment concentrations in, 
at least, the natural river channel under study, even though the 
functional form of the model (in (10)) appears to be appropriate. The 
results vary widely with regard to the accuracy of the solution in 
(10) depending upon grain size (fraction), vertical, water stage, and 
combination of these factors. The only fairly consistent result is 
that the sand fraction appears to be estimated more accurately by the 
model than the finer fraction. The water stages, although arbitrarily 
defined, seem to have some effect on the prediction (or estimation) 
accuracy, however, neither theoretical grounds nor conclusive evidence 
are available at present. As to the problems involved in the model 
and in an effort to explain the poor performance of the model, two 
major assumptions that do not hold for the river channel under study 
have been discussed. These assumptions are: 1) a single velocity
distribution du/dy based on a two-dimensional flow and subsequent 
shear stress distribution, and 2) the steady state condition of
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suspended sediment concentrations, i.e., 3C/9t = 0. It may be further 
pointed out that the imposed assumptions such as 3C/gx3 = 0 and 
3u2/3x2 = 0 cannot be applied to the channel under study.
Linear Model
In an attempt to find the best predictive relationships between
sediment concentrations and the selected seven (independent) variables,
the entire set of 1975 data was analysed using (14) and the results
are given in Table 8 . Note that the logarithmic transformation of
original observations in sediment concentrations gives rise to the 
2highest R values for each fraction as well as the total concentration. 
From this result, it seems appropriate to choose LOGSAND, LOGSILT, and 
LOGTOTAL as the dependent variables representing the concentrations of 
sand fraction, silt-clay fraction, and the combined total, respec­
tively. For each of the three dependent variables so obtained, Table
99 shows the models that provide the maximum R for a given number of
independent variables included in the linear model (14). Suppose, for
instance, that the sediment concentrations are to be estimated by
means of y/D and C (the "reference" concentration or the surface 3
concentration in this case). As seen in Table 9, the linear model'*'
log C = 3 + 8 ^  + 3 log C + e (34)o it) 2 a
2would provide a predictive accuracy of about 46% CR = .4634) and 41%
^Notations compatible with those in the diffusion model are used 
in (34) and other linear equations that follow. For example, log C 
for LOGSAND (or LOGSILT, or LOGTOTAL), y/D for RD, C for RSAND (or 
RSILT, or RTOTAL), etc. a


















SUMMARY OF REGRESSION ANALYSES FOR SUSPENDED SEDIMENT CONCENTRATIONS















37 P(F>F ) c k2
Sand Fraction
SAND -664.25** -.00** 141.49** 14.23** 9.99 -132.02** .17 58.88** .0001 .3647
CSAND -28.03** -.00** 8.30** .46** .61 -5.33** .01 -4.02** .0001 .1986
LOGSAND -3.32** -.00** . 99** .05** -.38** -.30** -.00** .78** .0001 .5499
LCSAND -3.32** -.00** . 99** .05** -.38** -.30** -.00** -.22** .0001 .3038
Silt-clay Fraction
SILT -90.35 -.00** 103.23** 1.22 -60.1.2* 10.91 1 .20** -121.09** .0001 .5742
CSILT 2.96** -.00** .75** -.00 -.30* .08 .00** -2.19** .0001 .1302
LOGSILT .48** -.00** .18** .00 -.09* .02 .00** .48**' .0001 .5947
LCSILT .48** -.00** .18** .00 -.09* .02 .00** -.52** .0001 .0898
Total
Total -1057.89** -.00** 330.05** 18.25** -117.16 -89.70 1 .11** -74.38 .0001 .1976
CTOTAL -1.54 -.00** 1.57** . 08** -.50 -.39 .00 -1.47** .0001 .1076
LOGTOTAL -.52* -.00** .35** .02** -.14* -.10** .00 . 66** .0001 .4713
LCTOTAL -.52* -.00** . 35** . 02** -.14* -.10** .00 -.34** .0001 .2114
NOTE: The independent variables used in the analyses for DISCH (Xi), LOGDISCH (X2) „ VEL (X3), RD (Xi,),
LOGRD (X5), RSAND (or RSILT, or RTOTAL) (X6), and LOGRSAND (or LOGRSILT, or LOGRTOTL) (X7). See Table 1 for 
their definitions.
*Significance level a<.05.
























No. of Variables 
in the Model (14) R2 Independent Variables in the Model
1 .3760 LOGRSAND
2 . 4634 RD LOGRSAND
3 .5244 LOGDISCH LOGRD LOGRSANDLOGSAND 4 .5333 LOGDISCH VEL LOGRD LOGRSAND(N = 1975) 5 .5431 DISCH LOGDISCH VEL LOGRD LOGRSAND
6 .5477 DI.SCH LOGDISCH VEL LOGRD RSAND LOGRSAND
7 .5499 DISCH LOGDISCH VEL RD LOGRD RSAND LOGRSAND
1 .5702 LOGItSILT
2 .5794 RSILT LOGRSILT
3 .5871 RD RSILT LOGRSILTL.OoolLI 4 .5886 DISCH RD RSILT LOGRSILT(N = 1982) 5 .5945 DISCH LOGDISCH RD RSILT LOGRSILT
6 .5946 DISCH LOGDISCH VEL RD RSILT LOGRSILT
7 .5947 DISCH LOGDISCH VEL RD LOGRD RSILT LOGRSILT
1 .3513 LOGRTOTL
2 .4,1.79 RD LOGRTOTL
3 .4525 VEL LOGRD LOGRTOTLLUUi V LAE 4 .4560 LOGDISCH VEL LOGRD LOGRTOTL(N = 1982) 5 .4690 DISCH LOGDISCH VEL LOGRD LOGRTOTL
6 .4708 DISCH LOGDISCH VEL RD LOGRD LOGRTOTL
7 .4713 DISCH LOGDISCH VEL RD LOGRD RTOTAL LOGRTOTL
cr\o
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2(R = .4179) for the sand fraction and the total concentrations, 
respectively. Given the information v/D and C , the concentration of
cl
the silt-clay fraction could also he estimated with an accuracy of 58% 
(R^ = .5871) by using the model
log C = 0 + 6 |  + 3 C + 3 log C + e (35)
0 1 u  2 a  3 a
Now, further suppose that additional information on the flow, such
as velocity, is available and therefore the discharge data are also
available. In Table 9, it is found that for the sand fraction, the
2accuracy increases to about 55% (R = .5499) by using a 7-variable 
model such that
log C = 8 + 0 Q + 8  log Q + 3 u + 3 -£ + 8 log (±r)
0 1 2  3 4 D 5 D
+ 3 c + 8  log C + e (36)6 a 7 a
where Q is the discharge and u the flow velocity. Similarly, the 
silt-clay fraction and the total concentrations can also be estimated 
with an accuracy of 59% (R^ = .5947) and 47% (R^ = .4713), respec­
tively, by employing the 7-variable models shown in Table 9. However,
A A
note in Table 8 that for LOGSILT 3 and 3 are not (statistically)
3 5
significant, implying that the velocity u (or VEL) and log (y/D) (or 
LOGRD) do not seem to affect the cnnne-ntration of silt-clay fraction. 
Furthermore, evaluation of the Mallow’s statistic (Cp) (Hocking, 1976) 
indicates that the 5-variable model in Table 9 may be used instead of 
the 7-variable one without any major loss of information (CL = 1.9085
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and C, = -.3944 while MSE = .0134 for both cases). In fact, R~ 
decreases very little (from .5947 to .5945) for the reduced (5- 
variable) model (Table 9). Therefore, for the silt-clay fraction, 
the suggested equation is
log C = 6 + 3 Q  + B log 0 + 8 i + B C  + B log C + e (37)o i  2 3 0 4 a 5 a
It should be noted in (37) that information on the depth (y/D) is 
included in the equation but the velocity itself is not. In the mean­
time, similar inspection of the 7-variable model for the total concen­
trations indicates that the 6-variable model (without C or RTOTAL)a
log C = 8  + 3 Q  + 8 log Q + S u + , 3  ^ + S log (̂ )0 1 2  3  ̂ 5 u
+ 8 log C + e (38)6 3.
can be utilized without seriously affecting the accuracy of estimation.
One of the basic assumptions for the empirical models discussed 
here is the "linear" relationship between sediment concentrations and 
the independent variables defined in Table 1. In order to evaluate 
this assumption, experimental errors (or residuals) of the 7-variable 
models (for each of the 3 dependent variables in Table 9) were plotted 
against the individual variables involved in the models. For the 
dependent variables, there appears to be a tendency of positive (and 
increasing) residuals with higher values of the dependent variables 
and vice versa (Figures 21, 22, and 23), and this is particularly 
noticeable for LOGTOTAL (Figure 23). Suppose, however, that those
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Fig, 21.— Plot of the residuals against LOGSAND for the "best" 7-variable 























































































































































































































































observations with LOGTOTAL values greater than, say, 3.1 and less than 
1.8 were not considered in the analysis. Then, the tendency noted 
above (Figure 23) would disappear considerably. At this point, it is 
difficult to determine whether these "outliers" are the result of 
errors that occurred during the sampling and/or subsequent laboratory 
analysis procedures. Error distributions for the independent varia­
bleŝ " generally show no signs of abnormality, i.e., a general pattern 
of a horizontal band of residuals may be seen on each plot against the 
independent variables. These results indicate that the basic assump­
tion of "linear" relationship do not seem to be invalid.
In summary, given the two types of information (the "reference" 
or surface concentration C and the depth y/D), linear models such asci
(34) and (35) produce prediction accuracies of 46% for the sand1 frac­
tion, 58% for the silt-clay fraction, and about 41% for the total 
concentrations. With additional information, such as the velocity 
(and subsequently the discharge), accuracy would increase to 55% for 
the sand fraction, 59% for the finer fraction, and 47% for the total, 
by utilizing the linear models (36), (37), and (38), respectively. It 
appears that information on the velocity as well as the discharge does 
not seem to significantly improve the accuracy of predicting (or 
estimating) concentrations of the finer fraction. Distributions of 
the residuals indicate that the assumption of a "linear" relationship 
between sediment concentrations and the independent variables (defined 
in Table 1) appears to be valid.
The residual plots against the independent variables may 
be found in Appendix 3.
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CHAPTER I I I
ESTIMATION OF SUSPENDED SEDIMENT CONCENTRATIONS 
IN SURFACE LAYER VIA LANDSAT REFLECTANCE DATA
It was pointed out earlier that one of the most significant 
assets of Landsat is the capability of monitoring physical processes 
on the earth's surface on a multi-temporal basis. This particular 
functional characteristic of Landsat has been widely recognized 
(e.g., Everett and Simonett, 1976; Rabchevsky, 1977; Polcyn and 
Lvzenga, 1979). Subsequently, many researchers have focussed on the 
use of Landsat in monitoring physical processes through time.
The purpose of this chapter is to evaluate, using a statistical 
model, the feasibility of monitoring sediment concentrations in the 
surface layers of a natural river by means of successive Landsat 
overpasses, particularly without concurrent surface truth collection 
at each time of the overpass. To this end, an attempt is made to 
develop a transformation method to remove the environmental effects 
from Landsat radiance data. Also, statistical characteristics of 
the MSS radiance data, in relation to the surface sediment concen­
trations, will be examined in detail.
Methods
Apart from the literature review, a study of this nature 
requires three steps in the procedure: quantitative data collection,
67
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transformation of raw spectral data to remove the environmental 
effects, and statistical analysis of the relationship between the 
river sediments and the spectral signature represented by the 
transformed spectral data. Each step followed in this study will 
be elaborated in the following.
Data Collection
The basic quantitative Landsat data utilized in this study are 
the Multispectral Scanner's 4-channel (band) radiance values recorded 
in the Computer Compatible Tapes (CCT's). The radiance values from 
the CCT's form a set of raw spectral data which are to be transformed 
into a new spectral data set. The CCT's from three cloud-free 
Landsat overpasses (frame ID 1718-15595, 1862-15545, and 2084-15562) 
of the study area were processed through the computer facility at 
NASA's Earth Resources Laboratory^ in Slidell, Louisiana.
In an attempt to remove the effect of uneven detector 
efficiencies (JJSGS, 1979) for each of the four MSS channels, the 
three Landsat scenes were destripped using a method developed by 
Forbes and Pearson (1977). With this method an entire Landsat scene 
is viewed as a composite of six-element by six-scan line areas with 
each area containing 36 picture elements (or pixels). For each six 
by six area an overall mean radiance value is computed. Then, for 
areas of the same overall mean radiance, adjusted mean radiance 
values are obtained for the individual scan lines in those areas.
In so doing, cumulative number of pixels are used; for example, the
^Presently at National Space Technology Laboratory in Bay 
St. Louis in Mississippi.
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number of pixels used to compute the adjusted mean radiance values 
of the scan lines in the first area is 6, that for the second area is 
12, and so on. For each of the areas for which more than 300 pixels 
were used to compute the adjusted mean radiances of the scan lines, 
an adjusted overall mean radiance is obtained by taking the arithme­
tic mean of the six adjusted mean radiances of the scan lines in the 
area. Some of the scan lines may show adjusted mean radiances much 
higher than the adjusted overall mean radiance of the area. There­
fore, the adjusted overall mean radiance of the area is further 
modified to take into account the unusual "brightness" of a particular 
scan line(s). For areas having less than 300 pixels, on the other 
hand, adjusted mean radiances of the scan lines are computed as 
"weighted" mean values based on the number of pixels used and the 
adjusted overall mean radiance of the particular area. The final 
adjusted mean radiances of the scan lines for the entire Landsat scene 
are computed using the (finally) adjusted overall mean radiances and 
weight coefficients for the individual six-element by six-scan areas. 
The foregoing procedure is repeated for each of the four MSS channels. 
A mathematical version of the computational procedure is given in 
Appendix 4. For further details, see Forbes and Pearson (1977).
In order to identify the surface truth sampling locations on 
the Landsat scenes, the following procedure was applied: An area
of 1.992 km x 3 km that includes the channel cross section was 
delineated on a map of 1:24,000. The same area was then identified 
on the Landsat scenes and the accuracy was evaluated by measuring 
the lengths (or distances) of the area boundaries. The distance
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
70
measurements on the image utilized the pixel dimensions (57.5 m x 
79 m) and the lower left-hand corner of the area as a reference 
point. The X and Y coordinates of the individual ground sampling 
points were obtained on the map and these points were transferred 
on to the image using the X-Y coordinates. Then, the pixels contain­
ing the sampling points were identified in terms of scan line and 
element numbers. An illustration of the pixel locations so identified 
is given in Figure 24.
Raw radiance values of the three vertically juxtaposed pixels 
(Figure 25) were averaged because the geographical accuracy of 
locating the pixel for each sampling location was ±1 scan line. 
Therefore, the average radiance values so obtained constitute the 
raw radiance data.
The surface truth data consist of a portion of the U.S. Corps 
of Engineers’ data, i.e., suspended sediment concentrations on the 
surface layer''" of the Mississippi River at Tarbert Landing, 
Mississippi. Eight observations on the river's surface layer are 
available for each of the three Landsat overpasses or a total of 24 
observations (Table 10). The time lapse between the water sampling 
and the satellite overpass is approximately 1.5 to 4 hours.
Transformation of the CCT MSS Radiance Data
In order to construct a new set of spectral data, free from 
the environmental effects such as sun angles and atmospheric
"'"The surface layer samples are taken from approximately 1.2 to 
3 meters below the water surface.
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(source: Landsat frame ID 1862-15545)
Fig. 25.— Three vertically juxtaposed pixels averaged for 
each sampling location (center pixel). The solid diagonal lines 
represent approximate positions of the river banks. The element 
number increases from the left side (element 526) to the right 
side (element 555) of the figure.
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conditions, linear transformations of the CCT radiance data were 
utilized and are described in the following section.
Suppose that there is a "reference" target in the Landsat 
scene (185 x 185 kilometers) wThose physical properties remain 
relatively constant throughout the year (e.g., a concrete structure 
of size greater than four pixels). Let W be the radiance value 
obtained from the reference target for the ith Landsat overpass and 
the jth MSS channel. It should be pointed out that for the jth 
channel the radiance value W varies from one overpass to another 
due to the effects of different sun angles, atmospheric conditions, 
etc. on each overpass.
For any given MSS channel, the radiance values IL obtained from 
the target (sediment-laden river water) may be represented by
the environmental factors (i.e., sun angles, atmospheric conditions, 
etc.) and the sensor system’s noise. If the effects on the radiance
(39)
for the ith Landsat overpass, where denote suspended sediment 
concentrations in the water and e^ represent the combined effects of
values, U., of sediment concentrations, s., and environmental factorsl * l
are functionally independent, then (39) can be written
U.l (40)
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Similarly, provided that a reference target mentioned earlier is 
available, the radiance values from the reference target may be 
represented by
= g(k, ei) (41)
where k denotes a constant physical property of the reference target 
(e.g., a concrete structure). If the physical property, k, and the 
environmental properties, e.., are independent, then (41) can be 
written as
W. = g(k, e ) = g (k) g (e ) (42)1 1 1 2 1
For a given overpass, it may be reasonable to assume that
f (e.) = g (e.). This reflects the assumption that the environmental 2 1 2 1
effects are the same for various targets on a particular MSS channel. 
Under these assumptions,
U. f(s ■, e.) f (s.) f (e ) f (s.) _ 1 1 = i 1 _ _i__
W± g(k, e±) (k) g2(ei) g^k)
Now, the fact that g (k) is constant from overpass to overpass means 
that the ratio depends only on s^.
Now consider the transformations
l 1,...,m
X. .. = a. . C. .. j = 1,... ,4 (44)ljk rj 13k
k = 1 ,...,n
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where k denotes the number of the observation in the jth channel and 
the ith overpass. X.., is a new variable and C . i s  the Landsat1JK 13^
MSS's jth spectral channel. Then, by defining f°r
ith overpass and the jth channel, a new set of radiance data is 
obtained.
In order to acquire W , a reference target (the runway at 
Ryan Airport in Baton Rouge) was selected on the Landsat scene and 
the radiance values were obtained from the reference target 
(Table 10). As a result, a set of new data was created by the trans­
formation in (44) and the new spectral data set was utilized in the 
prediction model which follows.
Linear Model
In attempting to relate the observed suspended sediment 
concentration with the MSS (transformed) radiance values, a basic 
assumption is made, as in (14), that there is a linear relationship 
of the form
Y — 60 + 31X 1 + $2X2 + ....+ 61+Xi* + e (45)
between the suspended sediment concentration (a dependent variable)
Y and the four Landsat MSS channels (independent variables)
Xj, ..., X^. The observations are then represented as




; 1 XX1 x 12 x 13 x 1!+ | ! s 0
1 i i : a1 X21 X 22 X 2 3 X 2 it ! ; Si
! ■
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for n = 24, or
Y = X B + E (47)
(24x1) (24x5) (5x1) (24x1)
where
E(y) = X B and var(Y) = a 2 I (48)




In the development of the transformation procedure described
earlier, an assumption was made that the "error" functions are
multiplicative, i.e., fts^, e^) = f^s^) ^(e.-) and g(k> e^) =
g (k) g (e.). While it may be subj ect to the argument whether or 1 2 i
not the particular assumption holds, it will be discussed from a 
statistical standpoint in the following paragraph.
Suppose that u_̂  in (39), in fact, represent the observed values 
of the random variable U and that U has the probability density
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function (p.d.f.) h(u). Furthermore, suppose it is reasonable to 
assume that the random variables S and E, with their respective 
p.d.f.'s f1 (s) and f2(e), have the joint p.d.f. f(s,e) and are 
stochastically independent. If u = f(s,e), as implied by (39), 
then by theorem u = f1(s) f„(e) (Hogg and Craig, 1970, p. 77). The 
same argument may be applied to the assumption that g(k, e^) = 
gj(k) g2(e±).
A rather critical argument is the assumption that f2(ê ) = 
g2(ei), i.e., the combined effects of the environmental effects and 
the sensor system's noise are the same for both the target under 
investigation and the "reference" target. In fact, atmospheric 
conditions will not be the same particularly at the lower level 
atmosphere near ground, unless the targets are immediately juxtaposed. 
For instance, the location of the reference target (Baton Rouge's 
Ryan Airport) in this study is approximately 60 km southeast of the 
Mississippi River channel at Tarbert Landing. In addition to the 
fact that no other suitable reference target is available in the 
Landsat scene, it was felt that the differences in atmospheric paths 
for both targets may be negligible as long as cloud-free conditions 
are maintained. This assumption is valid considering the large 
vertical distance between the ground and the sensor (920 km) as 
compared to the relatively small horizontal distance (60 km) between 
the target and the reference.
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Relationship between Landsat Radiance 
and the Suspended Sediments
Results of the test of hypothesis in (26) are shown in Table 11, 
in that "Regression" sum-of-squares and "Error" sum-of-squares 
correspond to (29) and (30), respectively. Note that the null 
hypothesis Hfl:g* = 0 is rejected at a£.0001 significance level. That 
is, it can be ascertained based on the evidence from our data that 
observations on suspended sediments are significantly regressed on 
the joint set of variables, namely, the four Landsat spectral channels. 
It is then immediately implied that the actual suspended sediment 
concentrations y^ can be predicted (or estimated) with the observed 
spectral radiances in the 4 MSS channels, by using the equation
y. = 609.05 + 1803.75x. - 3058.19x. + 368.49x. + 59.65x. (49)
J 2. XI  X2 13  l i t
where x „  denotes observed radiance values (after the transformation) 
in the jth channel'*' for i = 1,2,..., n, and the equation is mathemat­
ically equivalent to (23).
When a prediction equation is formed, it is of primary interest 
to see how well the equation describes (or approximates) the "real 
world," It is seen in Table 11 that R2=.800, which was computed by 
(31). Since the squared multiple correlation coefficient R2 is the 
portion of the total variance of Y accounted for by the regression
■*"In equation (49) the independent variables X:, X2, X3, and X^ 
represent the MSS channels 4, 5, 6, and 7, respectively.


















RESULTS OF THE TEST OF NULL HYPOTHESIS B*=0 AND THE PARAMETER ESTIMATION
Source d.f. Sum of Squares Mean Square F P(F>F ) c R2 s y c.v.(%)y
Regression A 1A1,A52.69 35,363.17 18.03 .0001 .800 AA.3 267.6 16.5
Error 18 35,309.89 1.961.66
Total 22 176,762.58
Parameter Estimate t P(|t|>|tc|) Standard Error of Estimate
8o 609.05 1.08 . 29AA 563.92
01 (for MSS-A) 1803.75 2.29 . 03A0 786.3A
02 (for MSS-5) -3058.19 -3.11 .0061 983.8A
03 (for MSS-6) 368.A9 .AA .6622 829.57
04 (for MSS-7) 59.65 .07 . 9AA0 837.A6
ooo
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of Y on X's, it is clearly indicated that the R2 represents "a 
measure of the accuracy of prediction" (Timm, 1975, p. 275). There­
fore, it can be stated that the accuracy of the prediction equation 
obtained from our data is about 80%.
Besides the accuracy measure of the prediction equation,
/v
attention is also given to the estimated regression coefficients S^. 
Note that in (49) the estimates of actual observations in sediment 
concentrations are describable in terms of the four Landsat MSS 
channels. Geometrically, the observations are represented by a set 
of points in a five-dimensional Euclidean space. Then, it is 
suggested that the sizes of the regression coefficients indicate 
relative contributions of the respective spectral channels to the 
estimated individual observations in sediment concentrations. In 
other words, the estimated value y^ is more influenced by the
A
channels with greater S. This should not, however, be interpreted
/V
as a "causal" effect of the spectral channels on y. In fact, it is 
rather actual sediment concentrations that "cause", to a large extent, 
the spectral signatures as recorded in the MSS channels. Thus, it
A
should simply be understood that the greater changes in y^ result from 
the changes in the spectral signatures of the channels that have 
greater regression coefficients.
Note in (49) that the MSS channel 5 has the largest (estimated) 
regression coefficient and channel 7 the smallest.^ Channels 4 and 6
‘"The sizes of regression coefficients are expressed in terms of 
absolute values.
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maintain the second and the third, respectively, in the size of 
regression coefficients (Table 11). As pointed out earlier, this
A
result indicates that the estimated sediment concentrations y. are1
to a greater extent affected by the spectral signatures in the MSS 
channels 4 and 5, and to the much less extent by those in the channels 
6 and 7. In order to further investigate the relationship between 
suspended sediments and each of the four MSS channels, the conven­
tional (Pearson product-moment) and the partial correlations among 
the variables will be examined in the following paragraphs.
Table 12 shows that the four MSS channels maintain pairwise 
"statistically significant" (conventional) correlations. This implies 
that the correlations between suspended sediments and each of the four 
channels (see first column in Table 12) are rather difficult to 
interpret. Mote, for instance, that a negative relationship is shown 
between suspended sediments and channel 4 (r = -.76). However, 
channel 4 is also highly correlated with channel 5 (r = .96), and 
channel 5 in turn has a rather strong negative relationship with 
suspended sediments (r = -.86). Consequently, even if channel 4 was 
not directly related to suspended sediments, its high correlation 
with channel 5 would probably have resulted in a negative relation­
ship of some magnitude. Of course, multiple effects of channels 6 
and 7 on channel 4 as well as suspended sediments should also be 
taken into account in evaluating the direct relationship between 
suspended sediments and channel 4.
Unlike a conventional (Pearson product-moment) correlation, 
a partial (or conditional) correlation reveals the degree of
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TABLE 12
CORRELATIONS AMONG THE VARIABLES
Sediments MSS-4 MSS-5 MSS-6 MSS-7
Sediments 1.00
MSS-4 -.76** 1.00
MSS-5 -.86** .96** 1.00
MSS-6 . 42* -.63** -.55** 1.00




PARTIAL CORRELATIONS BETWEEN SUSPENDED 
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association between two variables after removing the effects of other 
variables on them.'*' That is, a partial correlation coefficient 
between two variables is obtained while holding other variables 
constant. As a result, another aspect of the relationship between 
the two variables can be evaluated.
The partial correlations between suspended sediments and each 
of the four MSS channels are shown in Table 13 and illustrate strik­
ingly different relationships among them, as compared to those in 
the first column of Table 12. It is found that channel 4 alone is
in fact positively related to suspended sediments, at the significance
level a = .05, which is in contrast to the highly significant (a = .01) 
negative relationship in Table 12. In the meantime, it is noted that 
channel 5 shows a highly significant negative relation with suspended 
sediments. Channels 6 and 7, however, show very little relation with 
suspended sediments, again, as contrasted to those revealed in the 
conventional correlation analysis (Table 12). Therefore the 
regression and the partial correlation analyses clearly indicate that 
most of the information on suspended sediments is contained in the 
MSS channels 4 and 5. In addition, the (two-channal) prediction 
equation employing the MSS channels 4 and 5 achieves an accuracy of 
79.77%, whereas with the addition of channels 6 and 7 the accuracy 
increases less than 1% to 80.03% (Table 14).
The poor relationship between the sediments and the infrared
channels is in accordance with what would have been theoretically
"''Theory of the partial correlation is usually found in many 
advanced statistical textbooks. See, for instance, Timm (1975).
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TABLE 14
THE "BEST" 1-, 2-, 3-, AND 4-CHANNEL 
PREDICTION EQUATIONS
# of MSS 
Channels
ASo ASi ASt As3 Si* P(F >F) R2 (%) c
1 936.91 -1508.85** .0001 73.68
2 800.20 1637.67* -3026.64** .0001 79.77
3 640.37 1793.39* -3107.77** 381.80 .0001 80.02
609.05 1803.75* -3058.19** 368.49 59.65 .0001 80.03
NOTE: The term "best" is based on the maximum R2 criterion for





INTERVAL ESTIMATES FOR S
95% - Confidence Interval
----------------------------  Length
lower limit upper limit
Si (for MSS-4) 151.65 3455.85 3304.20
St (for MSS-5) -5125.24 -991.14 4134.10
S3 (for MSS-6) -1374.44 2111.42 3485.86
Si* (for MSS-7) -1699.85 1819.15 3519.00
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anticipated; the near infrared spectrum of MSS channels 6 and 7 is 
strongly absorbed by the water molecules. Therefore, there is very 
little diffuse reflectance (or backscattered upwelling radiance) from 
the water. As documented by Maul and Gordon (1975), Atwell (1976), 
and McCluney (1976), it is the backscattered upwelling radiance that 
escapes the water surface and reaches the (satellite) sensor. Infor­
mation on the conditions beneath the water surface, such as suspended 
sediment concentration is contained in the backscattered upwelling 
radiance. Hence, in the present case lack of strong backscattered 
upwelling radiance from the water in the near infrared spectral 
region CO.7 - l.ly) means that very little information on the 
suspended sediments in the river water is received by channels 6 and 
7. In this regard, Table 13 shows that the relationship of the 
sediments with channel 7 is much weaker than it is with channel 6. 
This can be accounted for by the greater absorption by the water 
molecules at channel 7 wavelengths (0.8 - l.l]i) than channel 6 
CO.7 - 0.8y) (Maul and Gordon, 1975).
In the spectral region of MSS channels 4 CO.5 - 0.6y) and 5 
(0.6 - 0.7]i) the diffuse reflectance from water molecules and sus­
pended particles in the water increases considerably. This phe­
nomenon is not noticeable at the wavelengths of channel 4. This is 
due to the decreased absorption of the downwelling radiance by the 
water molecules (Maul and Gordon, 1975). Theoretically, therefore, 
channels 4 and 5 should be superior to channels 6 and 7 in providing 
information on the suspended sediment concentration. It is perhaps 
for this reason that some investigators (e.g., McKeon, et al., 1977)
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from their studies on suspended sediment concentrations. The results 
obtained in this study seem to agree with the theoretical prediction, 
i.e., the "best" two-channel equation for estimating suspended sedi­
ments includes both channels 4 and 5. As mentioned earlier the "best" 
three-channel equation, using channels 4, 5, and 6, did not result 
in any significant improvement in the accuracy of the estimation 
(Table 14).
It should be pointed out, however, that there are rather persis­
tent arguments for the use of channel 6 wavelengths in suspended 
sediment studies. Holyer (1978), for instance, measured upwelling 
spectra related to suspended sediments with a boat-mounted spectro- 
radiometer in Lake Mead water. Instead of using the diffuse 
reflectance, Holyer calculated the volume spectral reflectance from 
the measured upwelling spectra and related it to actual sediment 
concentrations and nephelometric turbidity. It is interesting that 
Holyer's best one-wavelength equation used the 0.782y. wavelength.
His two-wavelength model includes wavelengths of 0.652u and 0.782̂ 1. 
Furthermore, Holyer reported that his one-wavelength model using the 
0.782y wavelength is almost as good as the two-wavelength model in 
accurately estimating the nephelometric turbidity. Even though his 
method of evaluating prediction accuracy seems somewhat misleading, 
this result apparently challenges the readily accepted idea of the 
past few years, i.e., the red portion of the spectrum is most suitable 
for studies of suspended sediment concentrations (Maul and Gordon, 
1975; McCluney, 1976). More recently, a report by Ritchie and Schiebe
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(1979) used the optimal wavelength region of 0.7 - 0.8u for suspended 
sediment studies. Unfortunately, Ritchie and Schiebe did not include 
critical details of their data analysis, yet they argued that the 
same results were obtained in the past at other test sites. The up­
welling spectra obtained from the Gulf of Mexico by Maul and Gordon 
(1975) is also interesting in this regard. It appears that the two 
water types, Gulf Stream and Coastal, can be differentiated just as 
well at -0.78]i as at =0.65]i. Maul and Gordon failed to comment on 
that, nor did they attempt to examine the theoretical spectra in the 
spectral region of 0.7 - l.lfi, as they had for the 0.4 - 0.7y region.
So far, the discussion has been focussed on the accuracy of 
the prediction equation and the contribution of each of the four MSS 
channels to the estimation of suspended sediments by the prediction 
equation. Attention is now turned to the variability of the estimates 
in the prediction equation, namely, sample variance of the regression 
coefficients and that of the estimated suspended sediments quantities.
A
It should be noted from (23) that the regression coefficients 3̂  for 
each of the four MSS channels, as well as the suspended sediment
Aquantities y^, are merely estimated values from a limited amount of 
observed data which consists of a "statistical" sample. Obviously,
A  A
both and y^ vary from one sample to another and greater variabil­
ity is not desirable for the estimates.
The standard errors and interval estimates (a = .05) for each
-A8 are given in Tables 11 and 15, respectively. Table 11 shows that
A  A
S2 has the largest variance and 3 the smallest. Of particular 
interest, however, are the interval estimates of 8j and 82 for the
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channels 4 and 5, respectively. As noted in Table 15, the interval 
estimates indicate that the suspended sediment concentrations may 
have a positive relationship with channel 4 yet a negative one with 
channel 5. The negative relationship between sediment concentrations 
and channel 5 is rather puzzling and apparently in contradiction to 
(human) photo interpretation. In fact, however, this negative 
relationship between sediment concentrations and channel 5 (or the 
red portion of the spectrum) has been reported by several investi­
gators (Maul and Gordon, 1975; Holyer, 1978; Khorram, 1979; Whitlock 
and Kuo, 1979). In Maul and Gordon’s work, the upwelling spectra 
observed with a spectroradiometer show that the coastal water has 
lower reflectance in the 0.6 - 0.7y region than does the Gulf Stream. 
Presumably, the coastal water contains more suspended sediments than 
the Gulf Stream; therefore, a higher red reflectance in the coastal 
waters would be expected. However, no explanation of this "reversed" 
situation was given by the investigators. A negative relationship 
between the suspended sediments and the red spectrum has also been 
found in Khorram’s Ocean Color Scanner data obtained in the San 
Francisco Bay area; Holyer’s spectroradiometer data from Lake Mead; 
and Whitlock and Kuo's multispectral data simulated in the laboratory. 
None of the investigators, however, provided an explanation for 
this negative relationship.
A close examination of the data (Table 10) used in this study 
reveals some interesting features. In the April 16, 1975 data the 
raw radiance values of the river water are higher for channel 5 
than for channel 4. Furthermore, the suspended sediment
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concentrations in the water are much lower on April 15 than on 
July 11. Yet, the raw radiance values of the water for channel 5 
are consistently higher on April 16 than on July 11. It is very 
difficult understanding what appears to be an abnormal spectral 
response of the water body in the 0.6 - 0.7|i spectral region on 
April 16. The sun’s angle (above the horizon) on April 16 is lower 
than that on July 11. Thus, the sun's angle cannot be considered 
a possible cause of the abnormality.
Ignoring the April 16 data and considering only the December 2 
and the July 11 data, it appears that the spectral behavior of the 
river water in each MSS channel is as expected as related to the 
changes in sediment concentration and sun angle. However, in 
channel 5 the transformed radiance values of the water are still 
considerably higher on December 2 than on July 11, despite the 
decreased sediment concentrations. In fact, the same pattern occurs 
in channel 4. These results led directly to the recognition of a 
negative relationship between the sediment concentrations and both 
channels 4 and 5 in a conventional correlation analysis (Table 12). 
It immediately comes to mind that some extraordinary spectral 
response of the reference target might have inflated the transformed 
radiance values of the water for channel 5. Equation (44) and the 
definition of the transformation coefficient a.. indicate that the 
transformed radiance values of the water are influenced by the 
radiance values of the reference target. Unfortunately, no data 
are available that examine the spectral behavior of the reference 
target and the extent of its influence on the transformed radiance
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data. However, a previous investigation of the data (Table 10), 
together with additional radiance data for the river water obtained 
from another Landsat overpass on February 17, 1974 showed a negative 
relationship between the sediments and the raw radiance values of 
the water for channel 5 (Kim and Smith, 1979). The particular 
transformation procedure used in this study may not necessarily be 
the only factor that has contributed to the negative relationship 
being discussed.
Holyer (1978) noted that the volume reflectance of silt-size 
particles (average diameter 0.004 mm) at 0.652 ]i wavelength was 
affected by the degree of sediment concentration up to 350 mg/1.
His spectroradiometer data indicated the maximum volume reflectance 
at =300 mg/1 with a gradual decrease from 300 - 350 mg/1. However, 
Khorram (.1979) and Whitlock and Kuo (1979) demonstrated a negative 
relationship at much lower sediment concentrations (up to 80 mg/1 
and 173 p.p.m., respectively). Therefore, the degree of sediment 
concentration alone does not seem to explain the cause of the 
negative relationship between the sediments and the red spectrum.
The foregoing discussion on the subject of negative relation­
ship between the sediments and channel 5 now leads to the remaining 
question of the spectral response of a sediment-laden water body 
in the red portion of the spectrum. With the limited information 
available, no immediate answer to this question can be found.
In the meantime, the interval estimates of S3 and 8^ (for 
the channels 6 and 7, respectively) do not seem to reveal any 
consistent relationship with suspended sediments. Note in Table 15
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that both intervals include 0 with the negative lower limits and 
the positive upper limits. Based on the probability of 95%, it is 
only certain that the intervals (-1374.44, 2111.42) and (-1699.85, 
1819.15) most likely include 3 and 6 , respectively. Yet, it 
cannot be determined whether the true values 63 and 6̂  are negative
A A
or positive. Although the point estimates B3 and 3̂  turned out to 
be both positive from our data, they are of course subject to change 
from one sample to another. It appears that further experimentation 
(or much more information) is required to identify the nature of 
the relationships between the MSS channels 6 and 7 and suspended 
sediment concentrations.
Finally, it should be indicated that the size of the variances
A
of 3’s (hence, the lengths of the interval estimates for B's) are 
influenced by the variance of Y, d2, as indicated by (20). Also 
influenced by a2 are the variances of estimated sediment concen-
A
trations y^. Therefore, every effort should be made to get a 
reliable estimate for C2 in order to better understand the relation­
ship between suspended sediment concentrations and the spectral 
signatures in the MSS channels.
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SUMMARY AND CONCLUSIONS
Despite its limitations (such as relatively poor resolution, 
insufficient overpass intervals and weather dependence), Landsat 
provides a unique method of collecting information over a large area 
through time. However, varying results obtained from this study 
indicate that the accurate monitoring of suspended sediment concen­
trations in a river channel by utilizing Landsat digital data appears 
far from operational. More specific findings and their implications 
resulted from this study are summarized in the following paragraphs.
Analyses of the suspended sediment data used in this study 
showed that the diffusion model does not adequately describe the 
relationship between suspended sediment concentrations in surface 
and subsurface layers of the river water. Consequently, accuracy 
of estimating sediment concentrations at a depth by means of surface 
concentrations varied considerably (from nearly zero to about 74%), 
depending upon grain-size (fraction), locations across the channel, 
water stage, and combinations of these factors. It appears that 
the diffusion model estimates the sand fraction more accurately 
than the silt-clay fraction. In addition, water stages seem to 
affect the performance of the model to some extent, for example, 
estimation of the sand fraction was considerably more accurate in 
the high water stage than in the low water stage. Yet, the silt-clay
93
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fraction did not reveal the same trend. It was also found in this 
study that the accuracy of the estimation varies widely from one 
location (or vertical) to another across the channel.
Apparently, poor performance of the diffusion model is 
attributable to the oversimplifying assumptions applied to the model. 
Most critical is the assumption of a two-dimensional flow, which does 
not account for the variations of velocity and sediment concentrations 
across the channel. Other crucial assumptions, such as constant 
sediment concentrations through time (3C/3t = 0) and constant upward 
velocity through depth (3u2/3x, = 0), also render the diffusion model 
unrealistic for the Mississippi River channel under study.
Utilizing the same two types of information (surface concen­
tration and depth) as for the diffusion model, the full rank linear 
model produced estimation accuracies of 46% for sand fraction,
58% for silt-clay fraction, and 41% for the total concentrations. 
However, it should be noted that these results are better, particu­
larly for the finer fraction, than those of the diffusion model 
which resulted in estimation accuracies of 41% for sand fraction 
and 8% for silt-clay fraction. The addition of other variables, such 
as velocity and discharge, to the linear model did not improve the 
estimation accuracy enough to warrant their inclusion in the model. 
While the assumption of a "linear" relationship between sediment 
concentrations and the independent variables seems to be valid, the 
proposed linear model suffers from large sample variances. This, 
of course, indicates that a new model should be sought so as to 
reduce the sample variance and thereby increasing accuracy of the 
estimation.
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Based on the evidence extracted from the data used in this 
study, the following statements can be made concerning the relation­
ship between suspended sediment concentrations and the spectral 
signatures received by the Landsat Multispectral Scanner. First, 
it appears that the actual suspended sediment concentrations in the 
surface layers of a natural river can be estimated with better than 
80% accuracy when using all four MSS channels in the full rank linear 
model. A further improvement in accuracy would be achieved by 
refining the estimate of a 2 and increasing sample size, via a care­
fully devised experimental plan. The improved estimate of a2 should 
also make the estimates of the B’s, as well as the estimated values 
of sediment concentrations, more reliable.
Second, it was found that the estimated sediment concentrations 
are largely influenced by the spectral signatures in MSS channels 4 
and 5, and to a much smaller amount by those in channels 6 and 7.
The "best" (based on the maximum R2 criterion) one—channel prediction 
equation used channel 5 with an accuracy of 73.68%. The best two- 
channel equation included both channels 4 and 5 with an accuracy of 
79.77%. With the addition of channels 6 and 7, however, the accuracy 
increased less than 1% to 80.03%. These results may well indicate 
that most of the information on suspended sediments is contained in 
the MSS channels 4 and 5. In fact, these findings are in accordance 
with the theoretical prediction of optimal spectral region for studies 
of suspended sediments in the water.
The negative relationship between channel 5 and suspended 
sediments is suspect and indicates that a better understanding of
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spectral behavior of a (naturally) sediment-laden water body in the 
MSS spectral region (0.5 - l.ly) is necessary. Otherwise, interpre­
tation of the empirically determined relationship between the 
suspended sediments and the four Landsat MSS channels will at best 
be difficult if not impossible. Until there is a better understand­
ing of spectral behavior of sediment-laden water, inconsistent 
findings from empirical studies on the subjects such as the relation­
ship between sediment concentrations and the red spectrum, the 
optimal spectral region for the suspended sediment studies, and the 
accuracy of the prediction equation will continue. Therefore, it is 
recommended that carefully planned field experiments be conducted 
to obtain the spectra of a sediment-laden water body so as to evaluate 
the individual radiance components, i.e., upwelling diffuse reflec­
tance, water surface (or specular) reflectance, atmospherically- 
scattered radiance, etc.
The transformation method developed in this study to eliminate 
the environmental effects should prove to be very useful. One major 
drawback of the method is that a suitable reference target must be 
available near the target area under investigation. It may be also 
pointed out that the accuracy of the estimation equation may be 
influenced by the types of reference targets utilized, provided 
that they are available in the study area. At present, this possible 
effect of the reference targets on the estimation results is not 
known and further studies on this subject are recommended.
Finally, it should be indicated that the transformation 
method, defining random variables representing the MSS spectral
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signatures, is not necessarily limited to the estimation of 
suspended sediments via Landsat. The basic principles involved 
in the transformation should be readily applicable to any other 
type of investigations that deal with monitoring surface physical 
phenomena through successive Landsat overpasses (e.g., monitoring 
or mapping crop maturity in the growing season). The application 
may also be extended to multispectral scanner data obtained from 
other sensors and/or platforms (e.g., Ocean Color Scanner).
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APPENDIX 4
THEORETICAL BACKGROUND OF THE FORBES-PEARSON 
DESTRIPPING METHOD
Let A.., be the radiance values recorded in CCT's for the ith 
ijk
channel (i = 1,.... 4), the jth detector (or scan line, j = 1,....,6),
and the kth element (k = 1....,6). For each six-element by six-scan
area, average values
i * -m = —  Z A. .
° j-1 13
-  i 6are obtained for each channel, where A. . = -? I A . a n d  m = 0,U  6 k,1 ijk
1,....,127 (corresponding to the dynamic range of the sensor). For 
the areas of a given m, then, adjusted values of A„ are obtained as 
follows:
D .. = {6 A. . + D .7 x (D ..) } / DDmij ij mi mij 0
thus, for each channel,
(W  ' <6 Ai6  ̂ 1 6
‘W ’ ' {S Ail + 6 * (Dmil)!} ' 12
126
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where the superscripts denote individual six-element by six-scan
areas. Therefore, 6r equals total number of scan lines for a given m
The adjusted mean values (D . Q) of D are obtained as followsnno mij
Let m^ = min (m) and m^ = max (H) where D^ 7 _> 300. For m^ <_ m <_ m^
— 1 6A. = ± S D ..x 6 . , mil3-1
and let d = max | - D .̂ ̂ j. Suppose that d resulted where j = j*.
Then,
Ai = (6Ai “ 15
Further, let d = max A. - D .. for j # j1. Then
x  m x j
A." = C5A.’ - d') / 4 = D ,Q x x mx8
Suppose that Dm;jj < 300 and m^ < m < my. Then, D are 
obtained using
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D  . . = x (D ..)mxj 300 mxj o
D  - 7  D  - s  D  , ' f l,, m x 7 ,  m x 8  -  m x o
a ’ " 5 5 5 >  ( b "d3":8 >
3 ^ x 8  -  mg x 8
where m = max (m) with D ... > 300 and m < m and ni_ = min (m) withs mx/ — s T
D^i? 2l 300 and m^ > m.
Finally, let m = q and D .. < h < D, Then the final
m xj -  (m + D x j
adjusted values are obtained such that
1Th « =  ® (?+i) ia  -  W  < _ ) + Dql8
(q+l)ij qij
LT so obtained are rounded to the nearest integer.
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